An environmentally friendly method for the synthesis of 1-monopalmitin has been developed. The procedure consists of a two-step, solvent-free chemoenzymatic reaction. In the first step, palmitic acid is esterified with solketal (4-hydroxymethyl-2,2-dimethyl-1,3-dioxolane) using Novozym 435 by both conventional heating and microwave irradiation. The use of a microwave reactor allows the enzymatic synthesis of the intermediate compound with a similar yield as that achieved using conventional heating. In the second step, 1,2-acetonide-3-palmitoyl glycerol is cleaved to yield 1-monopalmitin by means of a cation-exchange resin and water or aliphatic alcohols as hydrolytic reagent in solvent-free conditions. The hydrolysis was accomplished in 15 min at 85ºC. The best yield was obtained using 1-pentanol. We conclude that the yield achieved depends on the batch and nature of the cation-exchange resin used as catalyst.
Monoglycerides (MAG) are amphiphilic molecules that have two hydroxyl groups in their hydrophilic part and an aliphatic lipophilic chain. Given the structure of these nonionic surfactants, MAG have the capacity to form stable emulsions, thus making them valuable for the food, pharmaceutical, and cosmetic industries [1] . Furthermore, MAG are also used as lubricants in fiber and textile technologies, metal processing, and plastic manufacturing [2] . Industrial chemical synthesis of MAG is carried out through high temperature glycerolysis of lipids, a process achieved using alkaline inorganic catalysts under inert atmosphere [3] . In addition to low reaction yields, the product obtained presents dark-colored by-products and undesirable flavors [4] . The use of lipases as biocatalysts allows the reaction to take place at low temperature and atmospheric pressure [5] . The enzymatic synthesis of MAG can be achieved following three main approaches: triglyceride-selective hydrolysis using 1,3-regiospecific lipases, glycerolysis of fats and oils, and esterification of free fatty acids or fatty acid esters with glycerol [6] .
Among MAG, 1-monopalmitin has several properties. It is a potential biomarker of type 2 diabetes mellitus [7] and serves as a modifier of the viscoelastic properties of processed cheese [8] . Some patents also claim that this compound is suitable for the preparation of non-ionic surfactant vesicles for vaccines [9, 10] and of liquid crystal delivery systems [11] .
Microwave-assisted organic synthesis has a pronounced effect on the reduction of reaction times in many chemical reactions, including enzyme-catalyzed reactions [12, 13] and has been used for more than two decades as a non-conventional energy source. In addition to shortening reaction times, the reduction of unwanted side reactions can achieve higher yields, and enhanced product purities [14] . Moreover, solvent-free conditions and microwaveassisted synthesis can be combined in green chemistry synthetic approaches [15] .
Although the use of non-conventional solvents, such as ionic liquids, water, and gases in supercritical fluid state, as an alternative to organic solvents has been pursued, the absence of solvent is considered the best alternative [16] . In addition to contributing to lowering the environmental impact, solvent-free production systems can reduce production costs, reaction times, and the dimensions of reactors, thereby decreasing investment costs [17] . Solvent-free systems are particularly relevant in the food industry, a sector governed by strict legislation regarding the use of organic solvents.
Here we developed a two-step, solvent-free chemoenzymatic procedure for the preparation of 1-monopalmitin starting from palmitic acid and solketal (4-hydroxymethyl-2,2-dimethyl-1,3dioxolane). In the first step, palmitic acid is esterified with solketal using Novozym 435 by both conventional heating and microwave irradiation in solvent-free conditions. In the second step, the cleavage of 1,2-acetonide-3-palmitoyl glycerol is achieved by using a cation-exchange resin and water or aliphatic alcohols as reagent in solvent-free conditions.
We developed a solvent-free esterification between palmitic acid (1) and solketal (2) using Novozym 435 as biocatalyst ( Figure 1 ). The reaction was performed using conventional heating and microwave irradiation. Microwave irradiation for 2 h yielded 1,2-acetonide-3-palmitoyl glycerol (3) with a 52% yield after purification. In contrast, the reaction using conventional heating required 24 h at 60ºC to give the same yield. The yields were moderate compared with those recently described using dichloromethane as solvent. Nevertheless, the approach proposed here does not involve either chlorinated solvent [1] or any other solvent.
Having prepared 3, we performed a set of assays to study the cleavage of this compound ( Figure 2 ). Table 1 shows the effect of the catalyst, the hydrolytic reagent and various reaction parameters on the synthesis of 1-monopalmitin (4). Initially, blank reactions were performed using only water (entries 1-4) or ethanol (entries 5-6) at different ratios and temperatures. None of the assayed conditions led to the hydrolysis of either the acetonide or the ester. Equivalent results were obtained using trifluoroacetic, hydrogen chloride, and acetic acids as catalysts (entries 7-19). The increase of the reaction temperature to 175ºC in the presence of an acidic catalyst produced the partial hydrolysis of the acetonide. Nevertheless, the hydrolysis of the ester bond was consistently observed, resulting in the formation of either palmitic acid or ethyl palmitate, depending on the hydrolytic reagent used (entries 20-23). These results are in concordance with previous studies, although most did not discuss this saponification during the cleavage reaction for the synthesis of MAG from the corresponding acetonide [1, 18] .
These results prompted us to study strong cation-exchange resins as catalysts. The macroreticular sulfonic acid cation exchange resin based on cross-linked styrene divinylbenzene copolymers, Amberlyst-15, has been used as a catalyst for this purpose [1] . However, the chosen resin should allow the use of high temperature. In this regard, we assayed Amberlite IR120Na (IR120b1) in its acidic form. IR120b1 is also a macroreticular sulfonic acid polymeric resin based on cross-linked styrene divinylbenzene copolymers. The advantage of this resin is that it allows the use of higher temperature than the former. Initially, the hydrolysis of 3 was studied at various temperatures and irradiation periods using water as hydrolytic agent and IR120b1 (entries 24-33).
The best yield (40.0%) was obtained conducting the reaction at 85ºC for 15 min using a 1:1:3 mole ratio (entry 29). No hydrolysis was observed for temperatures below 75ºC (entries 24, 25) whereas yields decreased for temperatures exceeding 85ºC (entries 30, 31). Moreover, palmitic acid was detected at 120ºC (entry 31). The final yield also dropped with an increase in the amount of catalyst (entries 32, 33). Subsequently, ethanol was assayed again instead of water as hydrolytic reagent. The best yield (46.5%) was again obtained at 85ºC for 15 min using a 1:1:3 mole ratio (entry 34). Ethyl palmitate was also produced at 120ºC (entry 35). Given these results, we performed a blank reaction at 85ºC without any hydrolytic reagent and increasing 3 fold the ratio of IR120b1 (entry 36). The yield of 4 was low, and no palmitic acid was detected. These results prompted us to study the behavior of various alcohols as hydrolytic reagents (entry 37-44). The highest yield (84.8%) was achieved using 1-pentanol, although pentyl palmitate was produced in a small amount (entry 41). Shorter or longer alcohols yielded less 4, although methanol (entry 37), isopropanol (entry 38) and tert-butanol (entry 40) did not cause the hydrolysis of the ester bond. Subsequently, we assayed 1-pentanol at various reaction times and mole ratios (entries 45 to 54). The highest yield (86.1%) was obtained using a ratio 1:1:1 (3:IR120b1:1-pentanol) (entry 53). This yield was slightly greater than that achieved using a 1:1:3 ratio and similar to that described using Amberlyst-15 and methanol as solvent at room temperature for 36 h [1] . In contrast, the process described here was performed using 1-pentanol as reagent (1 mmol) in a solvent-free system for 15 min.
Two new catalysts based on strong cation-exchange resins were also assayed (entries 55 and 56). IR120b2 was a new batch of Amberlite IR120Na, whereas IR120H Plus was obtained from a different supplier and used as received. These two catalysts yielded 74.2% and 3.4% of 4 respectively. In contrast, 54.3% and 4.4% of pentyl palmitate were produced using IR120H Plus and IR120b2 respectively. To the best of our knowledge, the high dependence of this reaction on the origin of the cation-exchange resin is unprecedented.
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Finally, we performed a new set of assays with the two batches of Amberlite IR120Na. In all the assays, IR120b1 showed better performance than IR120b2 in terms of % yield of 4 ( Table 2 ). The synthesis of 4 was observed to be slightly dependent on the water equilibration period, although the behavior of the two resins differed. In contrast, the yield of pentyl palmitate (5 g) was not dependent on moisture.
Conclusions:
Here we developed an environmentally friendly method for the synthesis of 1-monopalmitin. This compound was prepared using a chemoenzymatic approach in a solvent-free medium. The use of a microwave reactor allowed the enzymatic synthesis of the intermediate compound 3 with a similar yield as that achieved using conventional heating. The reaction time in this first step was shortened substantially using a microwave reactor. The hydrolysis of the 1,2-acetonide to yield 1-monopalmitin was conducted in 15 min at 85ºC using a cation-exchange resin and either water or aliphatic alcohols as reagent in a solvent-free system. The best yield was obtained using 1-pentanol. It should be noted that the yield of the second step showed a clear dependence on the batch and supplier of the cation-exchange resin used as catalyst.
Experimental
Chemicals: Palmitic acid (≥99%), Novozym 435, solketal (4-hydroxymethyl-2,2-dimethyl-1,3-dioxolane, 98%), 1-propanol (≥99%), isopropanol (≥99.5%), 1-butanol (≥99%), tert-butanol (≥99%), 1-pentanol (≥99%), 1-hexanol ( 98%), 1-heptanol (98%), 1-decanol (≥99%), DL-α-palmitin (≥99%), and Amberlite IR120Na were purchased from Acros Organics (Scharlab, Barcelona, Spain), and Amberlite IR120H Plus from Sigma-Aldrich (Madrid, Spain). N-Hexane (≥99%), isooctane (99.9%), methanol (99.8%) and absolute ethanol were purchased from J. T. Baker (Serviquimia, Barcelona, Spain). All reagents were used as received, except cation-exchange resins, which were activated before use. 1 H NMR (400 MHz) spectra were recorded on a VARIAN 400 spectrometer. GC-FID analyses were performed in an Agilent 7890A gas chromatograph (Agilent Technologies, USA) equipped with a DB-1 column (Agilent Technologies) (30 m×0.25 mm×0.25 µm), and H 2 was used as carrier gas. The following chromatographic conditions were applied: split injection ratio 1:20 at 280°C. The oven temperature started at 70°C for 1 min and was increased to 280°C at 15°C/min. Alternatively, the oven started at 50°C for 5 min, and the temperature was increased to 110°C at 5°C/min and then further increased at 10°C/min until a final temperature of 260°C was reached. -free synthesis of 1,2-acetonide-3palmitoyl glycerol (3) : Palmitic acid (100 mg), solketal (100 mg),
Microwave-assisted solvent
and Novozym 435 (20 mg) (mole ratio acid:alcohol 1:2) were placed in a microwave reactor vessel. The reaction took place at 60°C for 2 h in a Discover LabMate microwave reactor (CEM, Matthews, USA) equipped with magnetic stirring and an air cooling system (maximum power irradiation 300 W and maximum reaction pressure 17 atm). Reaction products were extracted with 2 mL of tert-butyl methyl ether (MTBE) and passed through a tube equipped with a cellulose frit filter. The extract was rinsed with a saturated solution of 10 mL of NaHCO 3 and 5 mL of brine, constantly stirring the mixture for 2 h at room temperature. The organic layer was separated after centrifugation (5 min at 1000 rpm), and the solvent was evaporated under a N 2 stream. The product was then redissolved in 10 mL of isooctane and washed 3 times with 5 mL of acetonitrile. Isooctane was dried with MgSO 4 and filtered, and the solvent was removed in a rotary evaporator. The reaction product was dried over silica gel under vacuum for 24 h. It was then analyzed by GC-MS and its structure confirmed by NMR.
Solvent-free synthesis of 1,2-acetonide-3-palmitoyl glycerol by conventional heating: Palmitic acid (1 g), solketal (1 g), and
Novozym 435 (200 mg) (mole ratio acid:alcohol 1:2) were placed in a glass reactor vessel. The reaction mixture was heated to 60°C for 24 h, and products were extracted with 100 mL of n-hexane and filtered. Next, 100 mL of a saturated solution of NaHCO 3 and 50 mL of brine were added to the extract, and the mixture was kept under magnetic stirring for 24 h. After separation by centrifugation (5 min at 1000 rpm), the organic layer was dried with MgSO 4 and filtered. Solvent was removed in a rotary evaporator, and the residue was redissolved in 50 mL of isooctane and washed 3 times with 50 mL of acetonitrile. Isooctane was dried with MgSO 4 , filtered, and then evaporated in a rotary evaporator. The reaction product was dried over silica gel under vacuum for 24 h. It was then analyzed by GC-MS and its structure confirmed by NMR.
Cleavage of 1,2-acetonide-3-palmitoyl glycerol (3) in a microwave reactor:
We added 30 mg of 1,2-acetonide-3-palmitoyl glycerol (3) to a microwave reactor vessel. In each experiment, the rest of the components were added in the ratios indicated in Table 1 . For all assays, after microwave irradiation, the crude reaction mixture was extracted with 2 mL of either MTBE or chloroform, filtered, and stored at -21°C. It was then analyzed by GC-FID.
All microwave treatments were set to maximum power irradiation of 300 W and maximum reaction pressure of 17 atm.
Cleavage of 1,2-acetonide-3-palmitoyl glycerol (3) in a microwave reactor using either water or ethanol as hydrolytic reagent and acid catalyst:
Water or ethanol was used as hydrolytic reagent. Trifluoroacetic, hydrochloric, and acetic acids were assayed as catalysts. Microwave irradiation was applied for 15 min at various temperatures and several ester:catalyst:reagent mole ratios ( Table  1) .
Cleavage of 1,2-acetonide-3-palmitoyl glycerol (3) in a microwave reactor using water or alcohols as hydrolytic reagent and strong cation-exchange resins as catalysts:
For the activation of Amberlite IR120Na, we placed 1 g of resin beads in a column and passed 10 mL of 2 M HCl through it. The resin beads were then washed with water until pH 7 was achieved. Activated resin was dried over P 2 O 5 under vacuum for 12 h.
Water or alcohols (methanol, ethanol, 1-propanol, isopropanol, 1-butanol, tert-butanol, 1-pentanol, 1-hexanol, 1-heptanol and 1-decanol) were used as hydrolytic reagent, and 2 strong-cation exchange resins (2 batches of Amberlite IR120Na, named here 1098 Natural Product Communications Vol. 9 (8) 2014
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IR120b1 and IR120b2, and Amberlite IR120H Plus) were assayed as catalysts for the cleavage of 1,2-acetonide-3-palmitoyl glycerol. Various microwave treatments were applied in each assay. The reaction time, temperature, ester:catalyst mass ratio, and ester:reagent mole ratios are specified in Table 1 .
Amberlite IR120Na was water-equilibrated in order to facilitate comparison of the behavior of two batches of the resin in the microwave-assisted cleavage of the 1,2-acetonide-3-palmitoyl glycerol (3) . For these assays, activated dry resin was introduced into a sealed chamber in the presence of a beaker with 150 mL of water for a range of periods (30 min, 1 h, 3 h, 6 h and 24 h). The cleavage was then performed in the presence of 1-pentanol (1:1 ester:alcohol mole ratio) and water-equilibrated resin (1:1 ester:resin mass ratio) in a microwave reactor vessel at 85°C for 15 min.
Analysis 1,2-acetonide-3-palmitoyl glycerol (3) by GC-MS and NMR:
A volume of 100 µL of isooctane solution of 1,2-acetonide-3-palmitoyl glycerol (3) was diluted in 900 µL of n-hexane, and 10 µL of a 18.75 mg/mL tridecane solution was added as internal standard to carry out GC quantification. Dry extracts of 3 were dissolved in CDCl 3 for NMR analyses.
GC-MS analyses were performed in an Agilent 6890N gas chromatograph (Agilent Technologies, USA) equipped with a SGE BPX5 column (Agilent Technologies) (30 m×0.25 mm×0.25 µm) coupled to a 5973 Network detector (Agilent Technologies), and H 2 was used as carrier gas. The following chromatographic conditions were applied: split injection ratio 1:20 at 280°C. The oven temperature started at 50°C for 5 min and was then increased to 110°C at 5°C/min and then further increased at 10°C/min until a final temperature of 260°C was reached. 
Analysis of 1-monopalmitin (4) by GC-FID:
A volume of 100 µL of MTBE solution of 1-monopalmitin was diluted in 900 µL of either MTBE or chloroform, and 10 µL of a 18.75 mg/mL tridecane solution was added as internal standard to carry out GC quantification.
